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INTRODUCTION

The presence of gas, slots, and/or steps in the surface may
significantly perturb a supersonic boundary layer. The perturbations
may increase the boundary-layer thickness with a reduction in the
overall heating, may cause viscous shock intefactions with locally
high heating rates affecting only a small fraction of the surface,
or may increase fhe turbulence resulting in premature transition and
affecting the heating rates over large surface areas. The qualitative
and the quantitative effects on the flow field due to these sudden
changes in the surface slope depend on its geometry, on its dimen-
sions relative to the boundary layer thickness, and on the

characteristics of the boundary layer.



NOMENCLATURE

depth of the gap or height of the recompression surface
total length of the flat plate

Mach number at the edge of the boundary layer
local heat-transfer rate

Tocal heat-transfer rate at the same station, averaged for the
three y-stations (used as denominator in heating-rate ratios)

local heat-transfer rate at the same x-station and y-coordinate
(used as denominator in heating-rate ratios)

beak heating rate in the vicinity of a gap or siot
peak heating rate measured on the impingement surface of a gap
heating rate measured at the upper tangency point

local Reynolds number based on the streamwise distance from the
leading edge of the plate

Reynolds number based on the local momentum thickness
free-stream Reynolds number based on the total length of the plate
stagnation (or total) temperature

width of the gap
distance from the leading edge of the plate (see Fig. 2)

x-distance to the transverse gap (configurations C2 and C4)

x-distance to the beginning of the longitudinal slot (con-
figuration C4)

distance from the plane of symmetry (see Fig. 2)



tr

z-coordinate of the sonic point

magnitude of distance from the horizontal surface of the flat-plate
holder (negative values are not used in this report)

displacement thickness
ratio of the theoretical heating rate for turbulent flow divided

by the theoretical heating rate for the actual flow conditions
over a smooth surface.

Subscript

evaluated at the transition point



DISCUSSION OF RESULTS

Heat-transfer distributions were measured for five different
configurations. The various configurations represent different gap
_ geometries which were obtained by placing instrumented inserts into
the structural carrier-plate that is shown in Fig. 1. The carrier
plate is a 2-inch thick, 27-inch wide, 60-inch long flat, stainless-
steel plate with a sharp, 5° leading edge. The heat-transfer data
were obtained in the 3.5-Foot Hypersonic Wind ‘Tunnel at the Ames
Research Center (NASA). The free-stream Mach number was 5.10 and
the angle of attack was zero for the entire run schedule. The
variables of the test program included the free-stream Reynolds num-
ber and the gap configuration (e.g., width, depth, step height, number
and orientation). For additional information about the test program,

the reader is referred to ref. 1.

Data for Configuration 1(C1)

A smooth, flat-plate, heat-transfer insert was placed in the
structural carrier-plate to form Configuration 1(C1). As shown in
Fig. 2, there were three rows of thermocouples that provided heat-
transfer data for axial locations in the range 35.52 cm (13.98 in)
< x < 129.59 cm (51.02 in) along the centerline of the plate (y = 0.0)
and + 20.536 cm (8.085 in) on either side of of it. The y-coordinate

is measured from the plane of symmetry, as shown in Fig. 2.



Test condition variations. - The quantitative effect of the presence

of a particular gap configuration will be defined by comparing the
perturbed value of the local heat transfer to the corresponding flat-
plate value measured at the same nominal flow conditions. However,
the exact flow conditions vary from run to run. Furthermore, since
the data reduction method of ref. 1 utilized the total pressure in

the stagnation chamber and the Tt values based on the three model-
mounted, total-temperature probes (see Fig. 1), "spanwise" differences
exist in the exact flow conditions for a given run condition. The
effects of the run-to-run variations and of the spanwise variations
are indicated by the theoretical heat-transfer distributions presented
in Fig. 3. Theoretical solutions for the nominal, lowest Reynolds
number condition represent all three of those for the C1, flat-plate,
configuration, i.e., Run 38, and one of those for the C2, single-
transverse-slot, configuration, i.e., Run 6. The spanwise differences
are indicated by the AA, BB, and CC notation in Table 1 and in Figs.

3 and 4. Theoretical solutions for the highest Reynolds number repre-
sent all three of those for the Ci configuration, j.e., Run 41, and
one of those for the C2 configuration, i.e., Run 9. The theoretical
solutions were computed using the real-gas correlations for the thermo-
dynamic properties and for the transport properties (see ref. 2) in
the University's nonsimilar boundary-layer code, NSBL (ref. 3). The
theoretical solutions indicate that the differences in the local heat-

transfer rates due to the variations in the test conditions are small.



The heat-transfer distributions measured for the lowest Reynolds
number condition, i.e., Run 38, and for the highest Reynolds number
condition, i.e., Run 41, are included in Fig. 3. It is clear that
the experimental variations in the heat-transfer rates measured during

a given run are as great or greater than would be attributed to the

variations in the flow conditions.

Flow model variations. - The effect of the assymed flow model on the

theoretical, flat-plate, heat-transfer distributions is i11u$trated

in Fig. 4. Theoretical solutions were computed for all four nominal

test conditions using three different flow models.

(1) NSBL, Perfect-gas. - These solutions were computed using the
perfect-gas relations for the thermodynamic properties in the
University's nonsimilar boundary layer code, MSBL (ref. 3).

(2) NSBL, Real-gas. - These solutions were computed using the real-
gas correlations for the thermodynamic properties and for the
transport properties (see ref. 2) in the University's nonsimilar
boundary layer code, NSBL.

(3) BLIMP, Perfect-gas. - These solutions were computed using the

. perfect-gas relations in the University's copy of the BLIMP code
(Ref. 4). Although the University's NSBL code is currently being
modified to model transitional and turbulent boundary layers,
only the BLIMP code can provide such solutions at this time.
Therefore, in order to have theoretical solutions that can be

compared with the transitional data, a transition criterion



(determined from the experimental heat-transfer distributibns)
of (Ree/Me)tr = 222.55 was specified when computing the BLIMP
solution.

Note that the BLIMP code and the NSBL code yield essentially
identical solutions in the laminar region. The theoretical heating
rates computed using the real-gas correlations are approximately ten
per cent greater than those computed using the perfect-gas model.

It is interesting to note that, except for the lowest Reynolds num-
ber (Fig. 4a), the perfect-gas solutions provide better corre]ation;
with the experimental distributions than do the real-gas solutions.
The principal author had experienced similar problems applying the
real-gas thermodynamic subroutine to relatively low-temperature-
problems, where the air actually behaves as a perfect gas.

Note also tﬁat the transitional heat-transfer rates are not
generally correlated when a single transition criterion, i.e.,
(Ree/Me)tr = 222.55, is used for this flat-plate flow. Although:the
theoretical solution for the transitional heat-transfer is in good

agreement with the data for Re_ | = 5.90 x 10°

for Re_ L= 8.11 x 106. In this latter case, the actual transition

, such is not the case

location is downstream of that predicted using the single criterion.

Transition. - The discrepancies described in the previous paragraph
are attributed to the unit Reynolds number effect on transition. The
transition locations determined using the heat-transfer distributions

presented in Figs. 4b through 4d are summarized in Table 2. For each



of the three flow conditions, transition occurs nearest the leading
edge in the plane for which y = -0.135L and last in the plane for which
y = +0.135L. The values of the transition parameters calculated

using the nominal transition locations and the flow properties calcu-
lated using either the perfect-gas model or the real-gas model are
presented in Table 2b and in Fig. 5. Even though the unit Reynolds
number from Run 41 is 1.37 times that for Run 40, the transition
increases

tr
significantly as the unit Reynolds number is increased. Many other

location for Run 41 is 0.95 that for Run 40. Thus, Rex

investigators have observed that the transition Reynolds number in-
creases with the unit Reynolds number, e.g., refs. 5, 6, 7, and 8.
Several authors have stated that the unit Reynolds number
effect could be explained by aerodynamic noise radiated from the tur-
bulent wind-tunnel boundary layer. However, transition data for
free-flight tests (ref. 8) also exhibit the unit Reynolds number effect.
Such free-flight data do not clarify the question of whether the unit
Reynolds number effect is indeed due to noise, since the mechanical
noise of launch and of the machinery at a ballistic range may affect
the results.

Power law correlations were developed by several authors to

quantify the unit Reynolds number effect:
Re, .. *(Re/m)"
ex,tr e/m

where the exponent n may depend on the Mach number. If one uses the

transition parameter suggested by McDonnell-Douglas (see ref. 9) for




the Shuttle:

Re9/Me

(Re/m)0'2
tr

one obtains values from 10.30 to 11.19 for the test conditions of
Table 2, independent of the flow model.

Three parameters that can be used to illustrate the size of the
gap relative to the characteristic dimensions of the approach boundary
layer are presented in Fig. 6. The displacement thickness, the momen-
tum thickness, and the sonic point calculated at x = 0.6L (0.9144 m)
are presented as a function of the local Reynolds number at that
point. This x-location is chosen since many of the transverse slots
are located at this station. Three symbols are used to identify the
flow model, while the flag notation is used to indicate the effects
of the run-to-run variations and of the spanwise variations on the
computed values. Note that when the boundary layer is laminar, the
effects of the flow model and of the variations in the flow conditions
are small.

The data presented in Figs. 4c, 4d, and 5 indicate that transition

occurs upstream of this location when Rex exceeds 3.10 x 106. Although

6

transition occurs upstream of this location when Rex = 3.54 x 107, the

transitional values of the boundary-layer parameters (BLIMP, Perfect-
gas) are virtually the same as the laminar values (NSBL, Perfect-gas).

6

However, when Rex = 4.86 x 10°, the transitional values are significantly

different than the laminar values. Although the turbulence model used



in the University's version of the BLIMP code is relatively simple,
the increase in &* and in 6 in the transitional boundary layer is
qualitatively similar to that obtained using more sophisticated turbu-
1encé models, e.g., ref. 10. Note how quickly the sonic point moves

toward the wall as the Reynolds number increases.

Data for Configuration 2(C2)

An insert containing a single transverse gap was placed in the
structural carrier plate to form Configuration 2 (C2). As shown in
Fig. 7, the separation (upstream) step was at an x of 91.44 cm (0.60L).
Referring to Fig. 4, the reader can see that the streamwise location
of the gap was such that the unperturbed boundary layer was laminar
at the two lower Reynolds-number conditions and was transitional at
the two higher Reynolds-number conditions.

Since the width of the gap could be varied, heat-transfer
fdistributions were measured for values of w equal to 0.127 cm (0.050
in), 0.254 cm (0.100 in) and 0.508 cm (0.200 in). Detailed sketches
are presented in Figs. 7b through 7d to illustrate both the gap
geometry and the thermocouple locations in the vicinity of the gap.
Note that, although the location of the recompression (downstream)
step is fixed (for illustrative convenience), in reality the upstream
step was fixed. See Fig. 7a.

The insert was built so that the gap depth varied across (spanwise)
the model, with instrumentation modules located at the centerline of

each of three different gap-depth regions. As indicated by the



section views: for y = +0.135L (section AA), d = 1.016 cm (0.400 in);

for y = 0.000L (section BB), d = 2.032 cm (0.800 in); and for y = -0.135L
(section CC), d = 4.064 cm (1.600 in).

The corner radius was 0.152 cm (0.0620 in) for all variations for

this configuration.

Open cavity/closed cavity. - As discussed by Charwat et al (refs. 11 and

12) supersonic flow over a cut-out (or cavity) in the surface can pro-
duce either of two distinct, stable configurations. When the length-
to-height ratio of the cut-out, or the width-to-depth ratio (w/d) in the
present nomenclature, is sufficiently large, the flow reattaches to the
cavity floor and the cavity is “"closed". If the length of the notch
decreases below a critical value, the flow bridges the gap. This is
called flow with an "oben“ cavity. For short notches, where the length
of the cavity is less than one-half the critical length, the pressure
rise associated with the deceleration of the inner portion of the shear
layer tends to propagate upstream and to thicken the shear layer. As

a result the characteristics of the boundary-layer/free-stream interaction
govern the pressure field.

The length-to-height ratio (w/d) of the gap geometries for C2 are
presented in Table 3a. The maximum value of w/d, which is that for the
0.508 cm gap with the most shallow cavity (that at section AA), is
only 0.500. Data presented by Charwat et al (ref. 11) indicate that
the critical closure length for a two-dimensional notch in a turbulent
boundary layer is approximately ten times the depth of the cavity for
cavities where the separation step and the recompression step are of
equal height. Thus, the cavities should be open for all of the (2

variations.



It should be noted that the present cavities are much shorter even
than the nominal length that is required for the flow which separates
from an isolated, rearward-facing step to impinge on the wall. Data
presented by Charwat et al (ref. 11) indicates that a two-dimensional
flow impinges on the wall approximately 7d downstream of the step if
the boundary layer is laminar and approximately 5d downstream for a
turbulent boundary layer. The geometry of the wake is approximately
constant over the mid-supersonic Mach-number range, since the decrease
in the base pressure is related to the length/height ratio by the
Prandt1-Meyer expansion relations. The extremely small gap widths of
Configuration 2 could allow the gap-induced perturbations to propagate

upstream.

Basic heat-transfer distributions. - The heat-transfer measurements for

0.575L < x < 0.700L for C1 and for C2 are compared in Fig. 8 for two
flow conditions for which the approach boundary layer was laminar. Recall
that, for all gap widths, the vertical face of the separation step was
at x = 0.60L (91.44 cm). Thus, these data illustrate the effect of the
gap on the upstream heat-transfer distribution as well as that for a
distance downstream of the gap of approximately one shuttle-tile length.
Data are presented only for y = 0.000L (i.e., the BB section of Fig. 7c),
for which the depth of the gap was 2.032 cm (0.800 in).

The heat-transfer rate for the C2 configuration increases slightly
as the flow approaches the gap, decreases rapidly around the corner of
the separation step, increases rapidly around the corner of the recom-

pression step (reaching a maximum at the tangency point), and follows
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(at slightly lower magnitudes) the heat-transfer distribution for an
undisturbed laminar boundary-layer. Note that the maximum heating for
these particular runs, i.e., runs 54-60, never exceeded the local value
measured on the flat-plate configuration at the corresponding nominal
test conditions. This is not altogether surprising since other investi-
gators (e.g., refs. 13 and 14) have found that the laminar heating rates
in the vicinity of a very short gap é}e only slightly different (both
higher and lower) than the flat plate values. However, as will be dis-
cussed subsequently, the peak local heating rates measured during runs
6-16 exceeded (slightly) the flat-plate values at these same nominal
test conditions. As noted in ref. 1, runs 1-37 were made during the
OH2A phase of the program, while runs 38-81 were accomplished during
OH2B. During the interim, insert 2 was modified to accommodate different
thermocouple locations. For several test conditions, the heating rates
measured for a given test condition during OH2A were significantly greater
than those obtained during OH2B. The source of this discrepancy is not
known.

Note that the local peak heating on the recompression step occurs
at the tangency point of the upper (f1at) surface. Thus, the peak heating
does not occur where the impinging flow "stagnates" on the "recompression
face". The quotes are used because the corner radius affects the character
of the impinging flow for these short cavities. The local heating peak
is attributed to the fact that large velocity gradients in the flow which
has bridged the gap affect the gradients in the boundary layer develop-
ing on the recompression step. The increased heating on the upstream
surface indicates that the pressure rise created by the impingement pro-

cess propagates upstream through the relatively thick subsonic portion of
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the shear layer. The resultant adverse pressure gradient thickens the
boundary layer prior to separation, deflects the external flow, and
causes the local increase in the heat-transfer rate.

There is no significant effect either of the gap width (w) or
the Reynolds number evident in these particular measurements. However,
impingement heating-rate measurements reported by Avery (ref. 14) did
not significantly exceed the flat-plate values until the gap width was
0.3 cm in a laminar boundary layer where §* was 0.57 cm. Thus, the
data indicate that as long as the gap width is below some critical value,
locally high heating rates can bé avoided. The critical gap width is
a function of the boundary layer character and thickness.

The heat-transfer distributions from 0.60L < x < 0.70L are com-
pared for Cl1 and C2 in Figure 9 over the complete Reynolds-number range
using data from the OH2A phase of the test program. The streamwise distri-
butions are presented starting from the (lower) tangency point in the cavity.
Again, data are pre;ented only for y = 0.000L.

Consider first the lowest Reynolds number measurements of Fig. 9a.
Recall that this was the only flow condition for which the flat-plate
measurements were significantly greater than the NSBL, perfect-gas
theory (see Fig. 4a). The heat transfer data of Fig. 9a indicate that the
peak values did not occur on the upstream-facing surface of the corner

radius. They occurred either at the thermocouple located at the (upper)

tangency point for the plate surface (for w = 0.254 cm and w = 0.508 cm)
or at the first thermocouple downstream of the upper tangency point
(for w = 0.127 cm). See Fig. 7c for the thermocouple locations. Except

at these thermocouples near the upper tangency point, the heating rates
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measured in the vicinity of the gap were equal to or less than the
corresponding flat-plate values. Because the boundary layer was laminar
and relatively thick (see Tables 3b and 3c), the adverse pressure gradient
generated as the flow encountered the recompression step propagated up-
stream through the subsonic portion of the viscous layer, thickened the
approach boundary layer, and actually reduced the local heat-transfer
rate to most of the surface. Dunavant and Throckmorton (ref 13) reported
no appreciable increase in the heating where the boundary layer bridged
the gap. Bohon et al (ref. 15) reported no significant spikes or hot
spots for a "stacked configuration" of tiles, i.e., one in which there

is no longitudinal channel intersecting (perpendicular to) the gap.

Note that for these flow conditions, the peak heating in the impingement
region is greatest for the widest gap.

For Re L= 4.01 X 106 (Fig. 9b), the peak heating in the impingement

region is only slightly greater than the flat-plate values. This conclusion
is consistent with that based on the lower-Reynolds-number data. However,
contrary to low-Reynolds-number observations, there is no effect'of the
gap width evident in these data at these flow conditions. The streamwise
variation of the heat-transfer rates measured downstream of the gap
suggest the onset of transition. However, since the deviation from
laminar theory is not lerge and since data are not available from further
downstream, one cannot quantify the effect.

The heat-transfer distributions for the two higher-Reynolds-number
cases are presented in Figs, 9¢ and 9d. As indicated by the filled symbols,

the flat-plate boundary layer was itself transitional for these two flow

conditions. With the exception of the data for the shortest gap for
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L 5.90=<106, the‘heating rates exceed the flat-plate values at all

Re
points. Because only the lower portion of the shear layer reattaches to
the downstream step, the “stagnation" heating on the recompression face

is not the maximum value measured in this region. Instead the maximum
heating occurs near the tangency point of the upper surface where the
relatively high (velocity and temperature) gradients in the reattaching
shear layer (which provides the "edge" conditions for the developing
boundary layer) affect that boundary layer. Thus, engineering correlations
which model the stagnation-point heat transfer for an impinging jet, e.g.,
ref. 16, would not be expected to accurately predict the peak heating in

the vicinity of the gap. At these high Reynolds numbers, the heating rates
downstream of the gap are higher than the corresponding flat-plate values.
Although the experimental values do not exceed the fully turbulent values,
the instrumentation doeg not extend far enough downstream to be certain

that the experimental heating rates would not significantly exceed the
theoretical turbulent values. However, boundary-layer solutions generated
for Run 41,BB using the BLIMP code with several different assumptions for
the transition location indicate that the theoretical, turbulent, flat-plate
heating rates are independent of the transition location at points sufficiently
downstream of the transition location. Since the upstream boundary layer

is transitional for these two Reynolds numbers, the subsonic portion of

the boundary layer decreases rapidly with Reynolds number (refer to Table
3c). Thus, the ability of the recompression step to alter the upstream

flow and, thereby, to spread out the recompression process is reduced.

The ratio of tﬁe gap-perturbed heating rate increases rapidly as the

Reynolds number increases (or as the sonic point moves near the wall).
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Except for one set of data, the peak value of the "impingement heat-
ing rate" increases with increasing gap width for both Reynolds numbers.
That the impingement heating increases as the gap width increases has
been reported in refs. 14, 16, and 17 for a laminar boundary layer and in
refs. 14 and 15 for a turbulent boundary layer. However, as discussed
previously, not until the gap width (actually, the streamwise length of
the gap) exceeds some critical value (which is a function of the flow
characteristics) do the local heating rates become relatively high.

It was noted in the previous paragraphs that two sets of data pro-
duced results contrary to the typical trends. One set is that for the
shortest gap (w = 0.127 cm) for Re, | = 5.30x10°. It should be noted
that, although there are only a few data points from the y = 0.000L plane
in Fig. 9c, the heating-rate distributions from the y = + 0.135L planes
were siﬁi]ar. The heating downstream of the gap closely follows the laminar
theory for this test condition. Thus, this heat-transfer distribution is
similar to those obtained at the two lower Reynolds numbers (Fig. 9a and 9b).
However, since the flat-plate boundary layer was transitional, it is sur-
prising that the gap-perturbed flow appears laminar. A possible explanation
is that the basic flow is borderline stable and in one run transition began
in this region and in another the boundary layer remained laminar. The
theoretical characteristics calculated for this transitional boundary layer
were little different from those calculated for a laminar boundary layer.
Thus, since thé oncoming boundary layer was relatively thick and the sub-
sonic region relatively large, the short gap had Tittle effect on the
flow. For the two longer gaps, the flow perturbations were sufficiently

strong to promote transition.
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The second set of anomalous data are those for the longest gap
(w = 0.508 cm) for Rem,L = 8.11x 106, which are presented in Fig. 9d.

The reason why these heating rates appear to be relatively low is not
understood. Again, the heating rates measured in the y = + 0.135L
planes exhibit the same characteristics as the data from the y = 0.000L
plane.

When discussing the trends exhibited by the data, it was noted that
although the results were presented only for the y = 0.000L plane, the
distributions for the y = + 0.135L planes were similar. This is illustrated
in the heat-transfer distributions presented in Fig. 10 for a single,
transverse gap, 0.254 cm wide. Data are presented for all three spanwise
locations. The differences between the three heating rates measured
at a given x-location are significant and usually increase with increasing
Reynolds number. Recall that the depth of the notch differed for the
three sections. For a given Reynolds number, the perturbed heating rates
are usually greatest for the thermocouples of section AA and least for
those of section CC. Although there are numerous exceptions to this trend
of increased heat flux with increased values for the ratio w/d, it is
consistent with the analysis of Nestler (ref.16). Note that the magnitudes
of the differences depend on the Reynolds number, the gap width, the
streamwise location, and experimental accuracy.

As has been discussed, the peak value of the impingement heating
rate (usually) increases with gap width, once the gap width exceeds a critical
value. Furthermore, the critical value is a function of the flow charac-
teristics. This is summarized in the data presented in Fig.11. For the

two lower Reynolds-number flows, the heating is relatively unaffected by
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presence of the gap for all three widths treated. When Rem’L = 5.90 x 106,
the maximum values of the impingement heating rate (for three spanwise
locations) for the short gap, i.e., w = 0.127 cm, are essentially equal to
the flat-plate value. Recall that the heat-transfer rates measured down-
stream of the gap follow the laminar theory even though the measured flat
plate values indicate the onset of transition. For this Reynolds number,
the maximum values of the impingement heating rates are significantly

above the measured flat-plate v§]ues, and (with the exception of the data
for section AA), they increase with gap width. When Rem,L =8.11 x 106

(the highest Reynolds number of the present test program), the maximum value
of the heating rate in the impingement region exceeds the flat-plate values
for all gap widths from the OH2A tests and, with the exception of the data for
the widest gap for all three sections, increases with gap width. Note that
as discussed before, the heating rates obtained during the OH2B phase of the

program are relatively low (for an unknown reason).

Correlations. - As discussed, the gap-induced increases in the local heating
rates clearly depend on the Reynolds number, but they also depend on the
gap width (although there is no clear functional relationship) and on the
gap depth. This is illustrated by the data presented in Fig. 12.

When the upstream boundary layer is laminar, there is (at most)
a slight increase in the heating near the gap, while the heating downstream
of the gap was generally lower than the corresponding flat-plate values.
However, at the higher Reynolds numbers, i.e., Rem’L.3 5.90 x ]06, the

undisturbed boundary layer was transitional and significantly higher heating

rates were measured in the vicinity of the gap. Two mechanisms produced these
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Tocally high heating rates: (1) large gradients in the reattaching shear
layer which affected the development of the boundary layer as it formed
on the reattachment step and (2) the promotion of transition which affected

the heating rates at downstream points.

Since the peak impingement heating rates near the gap were essentially

unchanged from the flat-plate values as long as the boundary layer was
laminar, the Reynolds number effect could be correlated by:

P
-E'-(-’—1-=1.0+A(Rex-Re )3

qu X,tr

As long as the local Reynolds number (Rex) is less than the transition
criteria (Rex tr)’ the second term should be equal to zero. Thus, for
]

Rex < Rex,tr’

Note that this correlation neglects the effect$ of the gap geometry which
are present whether the boundary layer is 1amihar or turbulent. Although
these effects are not negligibie provided the gap is sufficiently wide,
they were not large nor were they consistent enough to be correlated for
the present flow conditions.

To select a value for the exponent a, which would be valid both
at the wind-tunnel conditions and at flight conditions, it is necessary to
identify the phenomena associated with the heating increase. The theore-

tical values of 6" and of 6 increase slightly with Reynolds number for
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the transitional flows. Thus, they do not appear to be the appropriate
correlation parameters. Note, however, that in the transitional regime,
the z-coordinate of the sonic point decreases rapidly as the Reynolds

number increases. As indicated by the solutions presented in Fig. 13,

*

Z 1
< &

(Rex)3.5

As the sonic point moves toward the wall, there is a corresponding in-
crease in the velocity and the temperature gradients near the wall. Since
the peak heating rates in the impingement region are attributed to the
large gradients in the reattaching shear layer, let us assume the value of
a to be 3.5. Using the transition data presented in Table 1 (and accounting
for the unit Reynolds number effect), the transition Reynolds number at the
C2 gap is 3.10 x 10°%. The correlation:

Bpkai - 1.0+ 1.785 x 10722 (Re, - 3.10 x 10%)%% - {Reyno]ds Number}

Ap |

is compared with the data in Fig. 12a. Although the variations in the

parameter q /éfp at a given Reynolds number are associated (at least

pk,i
in part) with the gap dimensions, no consistent correlation is evident in

these data.
A correlation accounting for the heating perturbation due to the
gap could be;
9ok, i
—2—~ = 1.0 {Geom} {Reynolds Number
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where the factor accounting for the geometry, {Geom} » might be:

: b
_ W
Geom = 1.0 +8B [(E) - (%)CN.E]

As with the Reynolds number, it is assumed that there is no significant
gap-geometry effect until the length-to-height ratio exceeds a critical

value (which is a function of the Reynolds number).

Data for Configuration 3(C3)

An insert containing multiple, transverse gaps was placed in the
structural carrier plate to form Configuration 3(C3). As shown in Fig.
14, the gaps, which were 0.254 cm wide, were 15.24 cm apart. Referring
to Fig. 4, the reader can see that, over the range of flow condition,

-the flat-plate boundary layer was laminar for all of the gap locations
but that of the most downstream gap. And only at the two higher Reynolds
numbers was the unperturbed boundary layer transitional in that region.

The experimental heat-transfer distributions for Configuration 3
are presented in Fig. 15. The gap locations and the flat-plate transition
location for each Reynolds number are illustrated in these figures.
When studying the heat-transfer distributions, the reader should note
that, with the exception of the thermocouples located near x = 0.6L,
they are on the flat surface parallel to the free stream.

At the lowest Reynolds number (Re_ L= 2.57 x 106), the C3 measure-

ments closely follow the laminar theory. Recall that, for this one flow
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condition, the flat-plate data are significantly above the laminar theory.
Thus, the presence of the multiple transverse gaps causes a general reduction
in the surface heating for this low Reynolds-number flow. For x 3_0.4L,.

the roughness-induced perturbations produce an erose heating distribution.
The distribution for Rem’L = 4,01 x 'IO6 (Fig. 15b) is similar to that
measured at the Tower Reynolds number. Note that the heat-transfer rates
measured {n the region 0.6L < x < 0.7L are essentially equal to the
theoretical values for a 1ahinar flat-plate boundary layer. Since transition
of the flat plate was observed at 0.75L, these data indicate thét the
presence of the multiple, transverse gaps did not dramatically affect the
transition Tocation.

For the two higher Reynolds-number flows, the gap-induced pertur-
bations to the flow cause larger variations in the heat transfer in the
laminar region and cause transition to occur slightly earlier than for
the flat-plate boundary layer. Furthermore, as evident in Fig. 15d, the
streamwise increase in heating in the transitional region is much greater
for these C3 measurements than that which occurred for the "natural"
transition on the flat-plate configuration. Thus, it seems that tripping
the boundary layer causes the transition process to proceed much more
rapidly. Despite the rapid streamwise increase in the local heating
rates, they do not exceed the values for a turbulent, flat-plate boundary
layer (see Fig. 9d) over the limited length for which data are available.

Thus, over the entire Reynolds number range, the C3 heat-transfer
rates were lower than the corresponding flat-plate values as long as the
boundary-layer remained laminar. This is consistent with the results of
previous investigators. Charwat (ref. 18) cites supersonic data for a

series of notches with w/d between 1 and 2 which are spaced one cavity
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length apart. The notched surface "shielded" the body somewhat, so that
the total heat flux was about 70 to 80% of the heat flux to an equal
length of a smooth-surfaced body. Charwat notes that the downstream
heating will usually be decreased unless the cavity induces transition.
For the present tests, the multiple transverse gaps, which were relatively
narrow (0.254 cm) moved the onset of transition only slightly upstream.

Recall that the flow is supersonic (Me = 5.10) and Tw = 0.25 Tt'

Data for Configuration 4 (C4)

An insert containing three parallel, longitudinal gaps (or slots)
which intersect a single, transverse gap was placed in the structural
carrier plate to form Configuration 4(C4). As shown in Fig. 16, the
Jongitudinal slots were either 1.016 cm deep (which is at y = + 0.135L),
2.032 cm deep (which is at y = 0.000L), or 4.064 cm deep (which is at
y = -0.135L). Note that thermocouples are located in-depth at one section
(i.e., .one x-location), DD, of the shallow slot, at two sections, AA and
BB, of the slot located along the centefline, and at one section, CC,
of the deepest slot.

The transverse gap is essentially that for C2. Recall that the
transverse gap insert was built so that its depth varied across the model
(spanwise), with instrumented modules located at the centerline of each of
the three different gap-depth regions. Thus, at a given y-station, the
depth of the transverse gap is equal to that of the intersecting, longi-
tudinal slot. Thermocouples located on the recompression face of the
transverse gap (see sections AA and BB in Fig. 7) provide the Heat-
transfer distribution downstream of the T-type intersection. All of the

gaps (and slots) were 0.254 cm wide.
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Locally high heating rates were measured at various thermo-
couples for Configuration 4, They were due to two distinctively
different mechanisms. Locally high heating rates occur on the (up-
stream-facing) recompression surface at the "T" formed by the inter-
section of the longitudinal slot and the transverse gap. The data of
Dunavant and Throckmorton (ref. 13) failed to show a region of intesne
heating on the upstream face at the gap intersection for turbulent
flows. Note that the (xs-xo) for their model was 1.49. The measurements
of AVery (ref. 14) indicate that the impingement-region heating rates
increase with increasing w, being a maximum of 2.2 times the flat-plate
value for laminar flow and 4.5 times the fiat-p]ate value for a turbu-
lent boundary layer. Avery noted that the length of the longitudinal
slot was an important parameter even though he did not have sufficient
data to define the dependence. For the configurations of ref. 14, (xs-xo)
was 2.40 to 4.80. Johnson (ref. 19) reported the local heating increased
by over an order of magnitude in the impingement region. The heating-
rate ratio was reduced dramatically when the thickness of the turbulent
boundary layer was increased by an order of magnitude. The (xs-xo) ratio
was 8.0 for the models of ref, 19. Comparing the results of these investi-
gators, it is clear that the heating increase in the impingement region
increases dramatically with (xs-xo). The phenomenon appears to be
similar to that for a two-dimensional notch where the characteristics
of the flow-field perturbations depend on whether the notch is "open"
or "closed", Thus, the magnitude of the heating increase in the
impingement region of a T depends on many parameters, including: &*,

W, (xs-xo), and the Reynolds number.
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Basic heat-transfer measurements along the length ofthe lonaitudinal
slot. -

Locally high heating rates were also measured along the length
of the longitudinal slot. Because the flow spills into the slot, the
boundary layer on the flat surface thins with a corresponding increase
in the local heating. This latter mechanism is illustrated in the
data presented in Figs. 17 and 18.

Presented in Fig. 17 are the heating rates recorded by the
three thermocoup]es which are nearest the flat surface for the four
stations along the longitudinal slot (refer to Fig. 16). Included for
comparison are the perfect-gas solutions for a laminar, flat-plate
boundary layer as computed using the University's NSBL code. Heating
rates were measured at all four stations for three of the Reynolds-
number conditions. These measurements are represented by the Spen
symbols of Fig. 17. A second set of runs were made for three of the
Reynolds-number conditions (two of them being common to those of the
first set of runs) in which data were obtained at section BB only.
These measurements are represented by the filled symbols. Thus,
the measurements presented in Fig. 17 indicate the effect of the
unit Reynolds number, of the distance from the beginning of the
slot, and of the depth of the slot, Recall that the width of the
slot was 0.254 cm for all C4 runs.

At all three Reynolds numbers, the heating rates measured at
the two sections located at x = 0.4L are higher for the deeper
slot, Note also that for the shallow slot (d = 1.016 ém), the
heating is always greatest at the thermocouple at the upper tangency

point (i.e., on the flat surface). However, for the deeper slot
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(d = 4.064 cm), the heating is greatest at the thermocouple on the
radius. These observations are consistent with the assumption

that the increased heating results because the boundary layer thins

as the flow spills into the slot. The level of heating tends to increase
with distance from the beginning of the slot.

The ratio of the C4 heating rates to the experimental flat-plate
value at the same x-location are presented as a function of Re(x-xo) in
Fig. 18. The peak value (dpk) is the numerator of Fig. 18a, while the
heating rate measured at the upper tangency point (autp) is the numerator
for Fig. 18b. The ratio apk/afp correlates reasonably well as a function
of Re(x-xo)’ increasing "linearly" with the Reynolds number until
it is approximately constant, just less then 3.0. MNote that the ratio
is smallest for the slot with the smallest d (i.e., the most shallow

section, section DD). Thus, some of the scatter in the correlation

could be reduced by accounting for the (nonlinear) effect of d.

Basic heat-transfer measurements downstream of the T gap.

The streamwise heat-transfer distributions downstream of the T gap
are presented in Figs. 19 and 20. The actual heating rates are presented
in Fig. 19, while the values of the ratio d/dfp are presented in Fig. 20.
The measurements are from the y = 0.000L plane, which is downstream
of the 2.032 cm deep slot, and from the y = +0.135L plane, which is down-
stream of the 1.016 cm deep sTot. Thus, these heatingQrates represent
the measurements from the thermocouple locations shown in Figs. 7b and
7¢, starting with the thermocouple at the lower tangency point in the gap

and proceeding downstream onto the plate.
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~ Note that the (xS-xo) ratios for the longitudinal slots are 30
and 60, respectively. Thus, the relative lengths of the longitudinal
portion (termed the slot in the present report) of the T gaps in the
present study are significantly greater than those of the previous
investigations. The heat-transfer is markedly greater downstream of
the deeper slot, being an order of magnitude greater than the flat-
plate values. MNote that these peak values for the ratio d/qu are
significantly greater than those of the previous investigations where
(xs-xo) was 5.0, or less. However, since the heating rates are greatest
downstream of the deeper slot (which has the lower (xs-xo) ratio of
the two), these data indicate that the depth itself is a significant
parameter once (xs-xo) is sufficiently large. The heating remains
significantly greater than the corresponding flat-plate values well
downstream of the corner.

Included for'comparison are the heating-rates measured downstream
of the singie, transverse gap (C2), which were discussed earlier, e.g.,
Fig. 9. The heating rates downstream of the T gap (C4) are much greater
than those measured downstream of the single, transverse gap both for the
shallow slot and for‘the deeper slot. Note that, at the highest Reynolds
number, the heating rates to the flat surface downstream of the T gap
exceed the theoretical values for a flat-piate boundary layer which is
turbulent from the leading edge.

Rapid.variations in the heating rate which occur over very short
disténces on the corner radius of the recompression surface are evident
in the streamwise heat-transfer distributions presented in Figs. 19
and 20. The variations in heat transfer on the recompression surface are
more clearly illustrated in Fig. 21, where the heating-rate ratio is

presented as a function of the vertical distance from the surface
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relative to the depth of the gap. These heating rates represent the
measurements from the thermocouple locations shown in Figs. 7b and 7c,
starting with the thermocouple at the upper tangency point and pro-
ceeding down toward the floor. The local heating rate on the recom-
pression surface has been divided by ﬁfp’] which is the experimental
flat-plate value for x = 0.6L and for the same y. Note that the peak
values and the variations in the heating-rate ratio increase with the
Reynolds number and with d. At the highest Reynolds number, the heat-
transfer rate at the bottom of the deeper T-gap is 0.62 d fp,1°

The isometric heating-rate contours presented by Avery (ref. 14)
indicate that, for laminar flow in a relatively narrow gap (w = 0.18 cm),
the flow in the T gap is primarily two dimensional and the longitudinal
slot flow has a negligible effect on the heating rates. For lTaminar
flow for a gap width of 0.41 cm and for turbulent flow for both gap
widths, the isometric heating-rate contours of Avery indicate that the
flow in the T gap is three-dimensional.

The vertical heat-transfer distribution obtained at the lowest
Reynolds number for the more shallow slot (Fig. 21a) increases monotonically
from 0.02 hfp,] at the floor (z = 1.0d), reaching a maximum of
2.10 afp,] at z = 0.05d. However, the vertical heat-transfer distri-
butions obtained at the higher Reynolds numbers indicate a more complex,
three-dimensional flow-field at the intersection of the longitudinal slot
and the transverse gap. Multiple local maxima occur in the vertical
distributions, e.q., local peaks occur at z's of 0.025d, 0.369d, and
0.600d of the deeper slot for Re_ = 4.01 x 10° (Fig. 21b). Because

of the long length of the longitudinal slot, the flow attaches to the
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floor and the recompression surface serves as a forward facing step.
The side-wall boundary layers and the cross-flow into transverse gap
contribute to the three-dimensional character of the viscous inter-
actions at the higher Reynolds numbers.

It has been noted that two sets of runs were made using the C4
with different instrumentation hook-ups. The run schedule was such that
heat-transfer distributions were obtained on the recompression surface
for the two lower Peynolds-number conditions. Thus, data are available
which indicate the run-to-run variations in the heating rates. Presented
in Fig. 22 are such data, i.e., the vertical heat-transfer distributions
along with the recompression surface for Rem’L = 4,01 x 106. There are
considerable differences between the two sets of data from the more
shallow section (Fig. 22a). The multiple peaks with a maximum heating
rate of 4.82 &fn,] for the data from Run 27 suggest a complex flow with
strong, viscous'interactions. The heating rates from the "limited
instrumentation run", Run 30, are relatively constant and relatively
Tow, & = 1.6 afp,] , over the upper one-half of the step. Significant
localized differences also occur in the distributions obtained for the
deeper section, i.e., d = 2.032 cm (Fig. 22b). Note that the heating
rate increases monotonically from the floor to z = 0.235d for Run 30,
whereas two local maxima appear in this region for the heating-rate
distribution from Run 27. Although significant differences between the
two distributions also occur nearer the surface, the magnitudes of the
heating rates from the two runs are roughly the same. Furthermore,

recall that the (few) heating rates measured along the longitudinal
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portion of this configuration (for which d = 2.032 cm) were in excellent
agreement for these two runs (Fig. 17b). Thus, it appears that the flow-
fields for the two runs were similar and that subtle, but substantial,
run-to-run variations in the impingement flow-field produce significant
variations in the heating.

Correlations. - Based on the discussion of the basic data presented thus

far, one would not expect the correlations developed using data from
investigations where the (xs-xo) of the longitudinal slot was relatively
small to work with the data from the present program. This lack

of correlation is illustrated in Fig. 23.

Dunavant and Throckmorton (ref. 13) hypothesized "that as the
streamwise gap length increases, the flow within the gap approaches a
fully developed channel flow, and the rate at which this occurs is
dependent upon the shear layer stress or the external boundary-layer
thickness." The heating increase at the gap intersection for a thick,
turbulent boundary layer was correlated in terms of the parameter:

g ]
57X v
Bohon et al (ref. 15) added to the data base and modified the correlation
parameter to the form:
) [
w X=X
To include laminar data in the correlation, Avery (ref. 14) modified the
parameter by including a ratio ¢6, where ¢ is the ratio of the theore-
tical heating rate for a turbulent flow divided by the theoretical

heating rate for the actual flow conditions over a smooth surface.

Thus, the correlation parameter used by Avery was:

s
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The heating-rate ratios (é/éfn,]) for the recompression surface
as measured in the present program'are presented as a function of the
Bohon et al parameter and of the Avery parameter in Figs. 23a and
23b, respectively. Note that the parameter used in Fig. 23a can be

rewritten

* .
[_6_]2 [__z Q] - [_ci ] Z[L]L;__d }
W - W
X=X d -Xq
The value of (xg-xq) for the slot which was 2.032 cm deep (the data for
which are the filled symbols) is twice that for the slot which was
1.016 cm deep (open symbols). Noting that the filled symbols are
shifted to the right of the open symbols by approximately a factor of
two, it is clear that a parameter such as:
R
S 2
=)
would be better for the present configurations. However, this modified
parameter does not uniquely correlate all the data, since the maximum
values of A/éfp 1 for the deeper slot (filled symbols), which occur
for the lower values of
[:_i*.]z[}_]
N Xs7X0
would still be greater for a given value of
* 2
S Z
at the lower end of the scale. Based on the comparison between the
present data and those of other investigators, it appears that (Xs'xo) is
an important parameter until it becomes sufficiently large. Then its

%*
numerical value does not matter and d (or d/8 ) becomes more important.
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For the present report, the ratio ¢ represents the ratio of the
theoretical heat-transfer for a turbulent boundary layer where transition
was assumed to occur at the leading edge divided by the flat-plate
heating rate measured at the actual flow conditions. Note that virtually
all of the data from the present tests are considerably above the
correlation of ref. 14.

Using a regression analysis for the data, the following correlation
was developed for laminar flow (ref. 14):

= 17,000 [_i]-mz (Re, ) -0.53 (Re(y - ) -0.07
g W s S 0
fp
For the flow conditions of the present test program, w, X s and (xS - xo)
were constant and

6* « 1

(unit Reynolds number) 0.5
Thus, the laminar correlation would be relatively insensitive to Reynolds
number over the range of test conditions in the present program and
would be independent of the depth of the gap. This is definitely not
the case, as has been discussed and as is evident in Fig. 24. The
maximum heating rate measured on the recompression surface (divided by

dfp’]) is presented as a function of the local Reynolds number based on

the length of the longitudinal gap, Re(x Furthermore, the
s

_x)'
0
heating is much higher for the compression surface downstream of the
deeper gap. The heating-rate ratios for the highest Reynolds number

fall well below these "linear" correlations.
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The local flat-plate heating rates used in the denominator of
Fig. 24 are presented in Fig. 25. Note that the measured heating rates
are in good agreement with the theoretical laminar values computed
using the perfect-gas relations in the NSBL code for the three lowest
Reynolds numbers (including the Reynolds number just beyond transition).
The data for the highest Reynolds number (where the flow is transitional)
are well above the theoretical, laminar value. If the transitional
character of the flat-plate flow does not govern the flow in these
relatively long T-gaps, then &fp,l would not be a suitable factor in
developing a correlation for the peak heating. This may explain (at
least partially) why the ratio of épk,i/dfp,1 appears to be low at
the highest Reynolds number.

The modified C4 configuration. - It has been noted that the heating-rate

ratios for the recompressibn surface are a function of the gap depth and
of the Reynolds number. These trends were also observed in the heat-
transfer distributions which were obtained for a modified C4 configuration.
For the modified C4 configuration, the recompression surface downstream
of the three longitudinal slots, i.e., that portion of the insert down-
stream of x = 0.6L (see Fig. 16) was raised 0.1588 cm (0.0625 in) above
its normal position. Thus, although the geometry of the longitudinal
slots was unchanged, the height of the recompression step (d) was 1.175 cm
for the y = +0.135L instrumentation (a 15.6% increase above the basic
C4 configuration) and was 2.191 cm for the y = +0.000L instrumentation
(a 7.8% increase).

The heating rates measured at the thermocouples located along the

length of the longitudinal slot, sections AA through DD of Fig. 16 (which
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are not presented in this report), were unaffected by the changes in
the height of the recompression surface. This is as expected, since
| the geometry of the slots were unchanged and the effect 8 step at the
T intersection should not be felt at these upstream thermocouples.
Heat-transfer distributions are presented in Figs. 26 through
29 as a function of the distance below the horizontal surface (z/d)
for the upstream-facing recompression surface and as a function of the
streamwise distance (x/L) for the horizontal surface starting immediately
downstream of the T-type intersection. Data are presented for the two
lowest Reynolds numbers of the test program. Changing the height of
the recompression step had a marked effect on the heating-rate ratios

for the thermocouples in the y = +0.135L plane for Re_ L= 4.01 x 106

(see Fig. 28). Note that the relative increase in the step height was
greatest for this y section and that this is the higher Reynolds number.
The differences between the heating-rate ratios for the modified C4
configuration and those for the basic C4 are relatively small for the
other three conditions. Thus, the trends exhibited by these data are
consistent with the trends for the basic C4. However, quantitative
correlations for the very large increases in the heating-rate ratios
exhibited by the modified C4 data presented in Fig. 28 were not
attempted. Recall the comments made earlier that subtle, but sub-

stantial, run-to-run variations in the impingement flow-field produce

significant variations in the heating.
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Data for Configuration 5(C5)

An insert containing diagonal, intersecting gaps (or slots)
was placed in the structural carrier plate to form Configuration 5(C5).
The slots, which are 0.254 cm wide and 2.032 cm deep, are perpendicular
to teach other. As illustrated in Fig. 30, the slots were aligned such
that one was inclined 30° to the free-stream flow and the other 60° to
the flow.

Thermocouples were located on the flat surface, upstream and
downstream of the gaps, and in the gaps themselves in planes parallel
to the free-stream flow. The thermocouple locations for these sections
are presented in Fig. 30. The thermocouple locations are such that
heating-rate distributions are obtained (1) in the vicinity of the
30°-skewed gap where the boundary layer is always 1aminar (section AA),
(2) in the vicinity of the 60°-skewed gap where the boundary layer is
perturbed by the first gap and the unperturbed boundary layer is tran-
sitional at the higher Reynolds numbers (section BB), (3) near the
intersection of the gaps (section DD), and (4) at other sections along
the 60°-skewed gap. For one set of runs (i.e., Runs 46-49), heat-trans-
fer rates were measured using the thermocouples from sections AA, CC,
DD, EE, and FF. For the other set of runs (i.e., Runs 50-53), the heat
transfer distributions were obtained for sections AA, BB, DD, and FF.

The heat-transfer-rate distributions are presented in Figs. 31
through 34 for Reynolds numbers based on the total plate length (Rem’L)
of 2.57 x 10°, 4.01 x 108, 5.90 x 10°, and 8.11 x 10° respectively.

Data are presented for each of the two instrumentation set-ups. The
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x-location of the vertical recompression surface for each of the instru-
mented sections are also shown. Included for comparison are the heat-
transfer-rate measurements for the flat-plate configu}ation (C1) at
the same flow conditions, which are represented by the filled symbols.
As can be seen by comparing the data presented in Fig. 3la with
those of Fig. 31b, significant run-to-run variations occurred. How-
ever, the differences between the heating rates at a particular thermo-
couple, which are of the order of 25%, do not change the conclusions
regarding the effect of the gaps. As can be seen in Fig. 31, the heat-
transfer reates are only slightly affected by the presence of the gaps
at the lowest Reynolds number, i.e., 2.57 x 106. Locally high heating
rates were measured at the thermocouples at, and just downstream of, the
upper tangency point of the "recompression" surface. This is true for
all sections, even the one at the intersection of the gaps (i.e., sec-
tion DD, the data for which are represented by {»). These trends are
similar to those observed for the single, transverse-gap (C2) in the
lowest Reynolds-number stream. The corresponding C2 data were presented
in Figs. 8 and 9. Thus, the gaps of the C5 configuration which are
swept either 30° to 60° to the flow, have roughly the same effect on the
heating rates as does the transverse gap of C2. In a study of the
aerodynamic heating to corrugation-stiffened structures in thick, turbu-
lent boundary-layers, Brandon et al (ref. 20) found that, although the
highest peak heating occurred when the corrugations were perpendicular
to the flow, it was not much less when the corrugations were inclined

to the free-stream by as little as 15°.
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Note that the heat-transfer rates measured at the thermocouples
just upstream of the separation surface decrease continuously as the
flow proceeds toward the gap and are consistently below the flat-plate
values. Thus, the C5 measurements from this region differ from the C2
results where the heat-transfer increased siightly as the flow approached
the gap and then decreased rapidly around the corner of the separation
step (see Fig. 8 and the discussion of the data presented therein).

The heating increase for the upstream surface of the C2 was attributed

to the pressure rise created by the impingement process propagating
through the relatively thick subsonic portion of the shear layer. Unless
the thermocouples for the C5 are spaced such that all the local peaks
were missed (which seems unlikely), the C5 data indicate that the cross
flow associated with a skewed gap provided an alternative path for the
oncoming flow and minimized the upstream effects of the impingement
process.

The heating-rate distributions obtained at a Reynolds number
of 4.01 x 10° are presented in Fig. 32. The flat-plate heat-transfer
rates, which are presented for reference, indicate that the unperturbed
boundary-layer was laminar for the entire region. Again, locally high
heating reates are measured for the thermocouples at and just downstream
of the upper tangency point of the recompression surface. This trend is
similar to that observed at the lower Reynolds number. -Note also that
the heating rates measured by those thermocouples of section BB down-
stream of the gap are significantly above the flat-plate values at all
points. The relative increase is even more significant since the C5
data for this run are usually lower than the corresponding flat-plate

values. (This relfects the run-to-run variations discussed earlier.)
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Note that the BB section not only contains the most-downstream thermo-
couples, but it is downstream of the AA section gap. Thus, the data
indicate the two diagonal gaps promote transition at this Reynolds number.
Recall that, for this Reynolds number, the flat-plate transition location

was at 0.75L.

That these relatively narrow, oblique gaps promote the transition

is also indicated by the heat-transfer rates measured at Re L= 5.90 x 106

and 8.11 x 106. Heating rate data from the CC section (Figs. 33a and
34a) and from the BB, the DD, and the FF sections (Figs. 33b and 34b)

indicate the premature onset of transition.




CONCLUDING REMARKS

Heat-transfer distributions were measured in the vicinity of gap
inserts located in a flat-plate structural carrier. The data were obtained
in the 3.5-Foot Hypersonic Wind Tunnel at the Ames Research Center at a
Mach number of 5.1 over a Reynolds number range of 2.57 x 106 to 8.11 x 106.
Because of significant differences in the configuration geometries, the
correlations developed by previous investigators did not work with the present
data. Furthermore, because of the experimental uncertainties, it was not
possible to develop general correlations incorporating local boundary-layer
parameters using only the present data. However, for the range of conditions
studied several trends were clearly evident.

1. The narror transverse gaps of the present configurations had relatively
little effect on the laminar boundary layer. This is treu for the multiple-
gap configuration (C3) as well as for the single-gap configuration (C2). The
local heating increases were relatively small and the transition location
changed only slightly.

When the boundary-layer was transitional, locally high heating rates
were measured near the upper tangency point of the recompression surface
cnce the gap width exceeded a minimum value. The perturbed heating increased
as z* decreased and as w/d increased, i.e., when (;%)(g)o'z is greater than
500 (approximately). However, none of the measured heat-transfer rates
exceeded the values calculated for a fully turbulent boundary layer. The
local heating increases become more severe for configurations having both
a gap and vertically-misaligned adjacent surfaces.

2. For the C4 configuration whose intersecting gaps are aligned either

parallel or perpendicular to the free-stream locally high heating rates

were measured along the length of the longitudinal slot and at the recom-

37




38

pression surface at the "T" formed by the intersection of the longitudinal
slot and the transverse gap. The heating-rate ratio at points along the
longitudinal slot increased with the unit Reynolds number, with the distance
from the separation step (x-xo), and with the depth of the slot.

The extremely high heating reates were measured on the recompression
surface downstream of the T-gap. The heating rates increased with the z-
dimension of the recompression step, d. Furthermore, at the highest Reynolds
number, the heating rates to the flat surface downstream of the T-gap exceeced
the theoretical values for the flat-plate boundary layer which is turbulent
from the leading edge.

3. For the configuration with intersecting gaps, where the gaps are swept
either 30° or 60°, i.e., the C5 configuration, the heating rates were only
slightly affected by the presence of the gaps. The swept gaps did promote

transition at the higher Reynolds number.
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Run
Run
Run

Run

Run

Run

Run
Run
Run

Run

38,AA
38,88
38,CC
6, BB

39,88
40,88

41,AA
41,88
41,CC
9, BB

Calculated using Py1o Tt’ Pe = 1

Table 1.

Pty
(atm)

4.58
4.58
4.58
4.46

8.06
11.43

15.29
15.29
15.29
15.30

Variations in the exact flow conditions

for a nominal test condition

Ty

(°K)
1127.2
1127.2
1148.9

1159.7

1231.1
1198.9

1175.3
1175.3
1202.2
1170.4

gas equations.

TW
(°K)
303.
303.
303.

303.

309.
312.

315.
315.
315.
315.

Calculated using Pe1e Tt’ Po = 1.

correlations.

Tabulated in ref. 1

5
5
5
5

w W W w

683 x 10~

Rem’L
P.G.!
2.5719

2.5719
2.5053
2.4078

4.0129
5.8952

8.1056
8.1056
7.8589
8.1583

3

X 10'6

R.G.
2.3823

2

2.3823
2.3051
2.2074

3.9319
5.3230

7.3963
7.3963
7.0981
7.4577

Tab.
2.

2.

A O Oy O

2110
2110

.1412
.0518

.3515
.9693

.8760
.8760
.6165
.9310

.683 x 1073 Py1» and the perfect-

Pe1s and the real-gas



Table 2. - Transition for the flat-plate configuration, Cl

(a) Transition locations

Run 39,AA
Run 39,88
Run 39,CC

Nominal for Run 39

Run 40,AA
Run 40,BB
Run 40,CC

Nominal for Run 40

Run 41,AA
Run 41,BB
Run 41,CC

Nominal for Run 41

NA
L

+0.135
0.000
-0.135

+0.135
0.000
-0.135

+0.135
0.000
-0.135

O OO0
(8]
(=]

O OO0
e
~J

(b) Transition parameters calculated using the nominal
transition locations

Perfect-gas model

Re/m Re
(x 1075)

X,tr

Run 39 2.633 3.010 206.22
Run 40 3.868 3.242 213.88
Run 41 5.319 4.215 247.71

(x 10°%) (g2,

Re/m
(x 107

2.345
3.493
4.853

Real-gas model

Rey tr
) (10 (e
Me “tr
2,681  196.60
27928 204.74
3.806  233.97



Table 3. - The gap geometries for Configuration 2 (C2)

(a) Length-to-height ratio, w/d

AA BB cc
y = +0.135L y = +0.000L y = -0.135L
d =1.016 cm d = 2.032 cm d = 4.064 cm
W w . W
w(cm) d T T
0.127 0.125 0.063 0.031
0.254 0.250 0.125 0.063
0.508 0.500 0.250 0.125
(b) The boundary-layer displacement thickness at
x = 0.6L relative to the gap width.
Rex w=0.127 cm w=0.254 cm w = 0.508 cm
&* &* s*
(at x=91.44 cm) rall w e
©1.543 x 10° 3.218 1.609 0.805
2.408 x 10° 2.484 1.242 0.621
3.537 x 10° (1am) 2.088 1.044 0.522
3.537 x 10% (tr)  2.095 1.048 0.524
4.863 x 10° (lam) 1.807 0.904 0.452

4.863 x 10° (tr)  2.153 1.076 0.538



(c) The z-coordinate of the sonic point at x

Rex

(at x=91.44 cm)

1.543 x 10°

2.408 x 10°

3.537 x 10° (1am)
3.537 x 10° (tr)

4.863 x 10° (1am)
4.863 x 10° (tr)

Table 3.

- Concluded

relative to the gap width

w = 0.127 cm

w = 0.254 cm

= 0.6L

.508 cm



Total temperature
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1

;

68.58
(27.00)
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10°
Mote: Dimensions in cm(in)
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5° 10°
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Figure 1. - Sketch of structural carrier-plate.
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Figure 2. Sketch of flat-plate insert in the structural carrier-plate
to form Configuration 1 (C1).
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Theory is for Run 38,BB using
—— NSBL, Perfect-gas
——— NSBL, Real-gas
—~-— BLIMP, Perfect-gas

Data: Ay = +0.135L; Qy = 0.000L; Oy = -0.135L
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(a) Re, , = 2.57 x 1°

Figure 4. - The effect of the flow model on the heat-transfer
distribution along the flat plate (Configuration 1)




Theory is for Run 39,BB using

——— NSBL, Perfect-gas
—~— NSBL, Real-gas
— -— BLIMP, Perfect-gas

Data: Ay = +0.135L; Oy = 0.000L; QOy=-0.135L
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Figure 4. - Continued.
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Theory is for Run 40,BB using

NSBL, Perfect-gas

— — — NSBL, Real-gas

-—— -—-BLIMP, Perfect-gas, (Ree/Me)tr = 222.55

Data: Ay = +0.135L; Oy = 0.000L; Oy = -0.135L
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Figure 4 . - Continued.
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The transition Reynolds numbers calculated using
the heat-transfer distribution and

O Perfect-gas properties
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Figure 5. - The transition Reynolds number for the flat plate (C1)
as a function of the unit Reynolds number. Me = 5.1
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Figure 6. - Theoretical values of the correlation parameters
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Figure 6. - Continued.
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(a) Sketch of entire configuration

Figure 7. Sketch of the single-transverse-gap insert placed in
the structural carrier-plate to form Configuration 2 (C2).
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Data: A Flat plate configuration, Cl

Single, transverse gap, C2
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Figure 8. - The heating distribution upstream and downstream of a
single, transverse gap in a laminar boundary layer.
Data for y = 0.000L (section BB)




Data: A Flat plate configuration, Cl
‘ Single, transverse gap, C2
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~— NSBL, Perfect-gas solution for Run 38,BB

Data:AFlat plate configuration C1
Single, transverse gap, C2
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Figure 9. - Comparison of the heat-transfer distribution for
flat plate with those downstream of a single,
transverse gap. Data for y=0.000L (section BB).
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The symbols used for this figure are those used in Fig. 9d,
except that the solutions are for Run 40,BB
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Figure 9. - Continued



—- BLIMP, Perfect-gas, (Ree/Me)tr = 0.0
— NSBL, Perfect-gas solution for Run 41,BB
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Figure 10. - The effect of Reynolds number and of gap depth
on the heat-transfer distribution downstream of a single,
transverse gap, w = 0.254 cm.
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Figure 11. - The maximum heating increase in the impingement region
as a function of gap width for a single, transverse gap.
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Data:

Aw =0.127 cm (0.050 in)
Ow =0.254 cm (0.100 in)
Ow =0.508 cm (0.200 in)
No flag: y = 0.000L; “y = +0.135L; ~# y = -0.135L
3.0 , r
! I o
J
i 4
X
P 3.5 -
2.0F Bkl -y 04 A(Re. - Re. ,.) .
g X x,tr
fp E;
<o
q _ <
Ipk,i & N
P
o4

Q

0.0 L - ' N .
0.0 1.0 2.0 3.0 4.0 5.0

6

Re. x 107
Xs

(a) At the gap

Figure 12. - Local maxima of the ratio of the perturbed heat-
tranfer rate to the corresponding flat-plate
value for the C2 configuration, k = 0.0.
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Figure 13. - The Z-coordinate of the sonic point as a function
of the Reynolds number at x = 0.6L
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Figure 15. - The streanwise heat-transfer distribution for the
multiple-transverse-gap configuration, C3.
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Figure 15. - Continued.
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Figure 16. - Sketch of longitudinal, intersecting gap insert
placed in the structural carrier plate to form
Configuration 4(C4)
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Figure 17. - The heat-transfer rates measured along the
Tongitudinal slots of C4.
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Figure 17. Continued
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Figure 17. Continued.
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Figure 18. - The nondimensionalized heat-transfer rates for locations
along the longitudinal slots of C4.
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Figure 19. - A comparison of the heat-transfer-rate distributions downstream
of a single, transverse gap (C2) and of a T gap (C4).
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Figure 20. - A comparison of the heat-transfer-rate-ratio distributions
downstream of a single, transverse gap (C2) and of a T gap (C4).
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Figure 20. - Continued.
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Figure 20. - Concluded.
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Figure 21. - Vertical heat-transfer distribution on the recompression
surface of a T(C4).
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Figure 22. - Run-to-run variations of the vertical heat-transfer
distribution on the recompression surface of a T, (C4),

Rew, = 4.01 x 10°.
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(a) Sketch of entire configuration

Figure 30. - Sketch of the insert with diagonal, intersecting
gaps placed in the structural carrier plate to
form Configuration 5(C5).
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Figure 30. - Concluded.
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